Abstract. Six-port reflectometer is well-known for its abil-
Introduction
Complex reflection coefficient that contains both magnitude and phase-shift information is very useful in many microwave measurements. Obtaining the phase-shift information is a major challenge that requires expensive circuitry, particularly for high frequencies [1] [2] . Accurate, easy to operate, low cost, low computational time, compact and simple circuitry were some of the primary concerns. Beside the advanced and sophisticated vector network analyzer (VNA), six-port reflectometer (SPR) remains as one of the popular alternative because of its simple circuitry and operations.
For decades, many articles on SPR have been published since the first paper by Engen [3] in 1977. Beside the general laboratory measurements, there are broad usages of SPR for example in high power measurements [4] , portable material measurements [5] , wireless applications and many more [6] , [7] . Generally, SPR detects three different phase-shift positions of a reflected signal and uses six-port's formulas to convert them into three circle radius. The intersection of those three circles leads to the unknown complex reflection coefficient [4] . Calibration procedure is required in a SPR for accurate determination of reflection coefficient. Some of the limits and accuracy improvement has been discussed in [8] , [9] . Besides, additional statistical methods can be used to get more accurate results in a SPR [10] .
A common SPR required six ports, namely the source port, test port, and four detection ports. For a stable source, a modified PC-based SPR [5] , [11] named five-port reflectometer (5PR) reduced the number of detection ports from four to three. The reduction of detection ports reduced the cost for SPR. Theoretically, it is possible to determine the unknown magnitude and phase-shift using two detection ports. Hence, realizing the concept will minimize the required components and further reduce the cost of SPR. In a series of publications by Haddadi [12] [13] [14] [15] [16] , he proved that the SPR using two detection ports or so called four-port reflectometer (FPR) is workable. Although the FPR is very attractive in terms of minimum detection ports, unfortunately it was constructed with 6 Wilkinson power dividers and a 90 o delay line [13] . In addition, eight standards were required for the FPR calibration. A higher order FPR equations [13] were formulated due to a hard compromise between the frequency range of operation and the expected measurement accuracy that drives the FPR. This resulted in complicated inverse equations that were inefficient for computational algorithm and measurement process. Hence, a simpler structure and algorithm of FPR is innovated to optimize the concept and practicality of the FPR. Furthermore, reduction of the number of calibration standard will be an added advantage for operation of FPR if the required measurement accuracy can be maintained.
For an accurate reflection coefficient calculation in FPR, a very close initial value of phase-shift is necessary [8] or by implementing the evolutionary multi-objective optimization algorithm [17] . The former is somehow not an easy task while the multi-objective optimization algorithm requires huge computational time. In this work, the equations of 5PR [5] , [11] are modified to model a simple yet accurate FPR. The new FPR model incorporated both the ideas [8] , [17] by creating a close initial value and a single-objective optimization equation to refine and solve the multi-objective optimization problem in FPR. Besides, modification of the existing 5PR structure [5] to become FPR is investigated in details. Simulation results for both the 5PR and FPR using AWR Microwave Office (MWO) are studied. The algorithm programmed using MATLAB is created and tested. Finally, the performances of the FPR and 5PR are compared with commercial VNA for measurements of several unknown samples.
Modeling and Calibration
The magnitude  and phase-shift  of a 90 o delay line in a FPR are analytically related to the detectors' DC voltages V i as [13] 
where i is the port number (i = 3 and 4). A stable source with known power P 0 is expected for an ideal FPR; otherwise a reference port to measure P 0 is necessary. However, for a single frequency source that is implemented in a fixed measurement structure, the absolute value of P 0 is not needed.
For a general FPR structure, equation (1) can be rewritten in the form of
The phase-shift independent term y i 2 +  2 in (2) represents the center value of the detected signal, whereas the term -2y i  sin i shows the signal variation for different locations of phase-shift on the delay line. The x i and y i are constants that can be determined through a calibration procedure.
To get a close initial value of phase-shift , equation (2) is expressed in the form of
A close initial value can be obtained when E ≈ 0, that is, when  is close to 1 or 0. Otherwise, E will vary with the value of . It can be up to a maximum of 0.25 when  = 0.5.
For computational algorithm, a proper optimization equation is required. A system of equation (3) in FPR for i = 3, 4 can be formed by assuming  3 =  and
where  is the phase-shift delay between detection port 3 and port 4. Based on (5) and (6), the advantage of the model is it does not limit the phase-shift delay in FPR to 90 o as in [13] .
By dividing (5) with (6), a single-objective optimization equation is formed.
Solving (7) with a set of E from 0 to 0.25 leads to the unknown phase-shift . Fitness analysis can be performed to indentify the right set of E and the unknown phase-shift .
The magnitude  can be calculated by 
The nonlinear multi-objective optimization model in FRP is transformed into a new single-objective model as shown in (7) and (8) . The model can be solved easily by a classical optimization method.
For calibration, the constants x i and y i in (3) are determined. There is no limitation on what calibration standards should be used. In this work the calibration was carried out using a match load, an open and a short. Substituting  = 0 for a match calibration standard (50 Ω load) into (3) yields 
The mean of equation (10) 
for i =3 and 4.
Computer Algorithm
The computer algorithm starts with the process of calibration using three calibration standards. This is followed by solving the single-objective optimization problem in FPR. Since there are numerous possible values of E, hence all E from 0 to 0.25 are applied for the fitness analysis to obtain the best optimized magnitude and phase-shift.
The algorithm is programmed using MATLAB. It comprises two major parts which are calibration and measurement as illustrated in the flow chart of Fig. 1 . In the calibration, the constants x i and y i are determined using (9) and (11) . The constant x i is calculated by optimizing (11) using the MATLAB build-in function fzero. The command fzero is a root finder of a nonlinear function that uses a combination of bisection, secant, and inverse quadratic interpolation. Since equation (9) consists of two possible y i , both set of answers must be used for the best selection analysis later. For the measurement in this work, the phaseshift is obtained by optimizing (7) using the fzero function. The respective magnitude is then calculated using (8).
Equation (2) is used to examine the fitness of optimized magnitude and phase-shift. For an ideal case, the optimized magnitude and phase-shift should fit equation (2) without error. In this work, the selection of best magnitude and phase-shift is based on minimum total error of port 3 and 4. In the algorithm, the selected magnitude and phase-shift should be a correct solution if the criterion is met which in this work the error is set to be less than 0.0001. The criterion of 0.0001 in the algorithm is equivalent to less than 0.01% error for both the calculated magnitude and phase-shift. Otherwise, the process will be repeated for another set of E. One set of correct answers should be laid within the E values of 0 to 0.25. If no solution meets the criterion, error of all calculations will be dissected. The best set of phase-shift and magnitude with minimum total error will be selected. Selection of incremental value for E in the algorithm determines the accuracy and calculation time. From this study, an increment of 0.001 is sufficient to get an accurate answer in less than 1 second computational time. The increment of E = 0.001, carries the meaning of providing 251 data sets for the best fit selection. In this work, E = 0.001 gives saturated errors of 0.0280 in magnitude and 1.611 o in phase-shift. Although greater data sets can be obtained by selecting smaller increment of E, it requires longer calculation time.
In addition to all the above, error correction must be executed to the selected best solution. The correction is done by comparing the optimized solution to the calibration standards' and . This correction is particularly important for phase-shift since the assumption of  3 =  and  4 =  +  were made initially. The proposed algorithm is much simpler than [13] .
Design and Methodology
First, the model of FPR and 5PR are examined. Microwave Office (MWO) is used to simulate the configuration of FPR and 5PR [5] as shown in Fig. 2 . Considering that all results are critically dependent on signal source power stability and dynamic range of the detectors, the design was focused on a single frequency.
It is a simple symmetric five-port ring junction that operated at 2 GHz [5] . Each port is designed to be separated with a magnitude of 0.5 and phase-shift delay of 120 o to the ports next to it. A custom made (imperfect) symmetric ring junction and perfect detectors are used in the simulation. The purpose of the simulation is to investigate the propagated error of the custom made symmetric ring junction as FRP. If a perfect symmetric ring junction and perfect detectors are being applied, no error will be detected. In this work, port 1 and port 2 are set as source and testing port respectively. S-parameters of port 3 to port 5 (S 31 , S 41 and S 51 ) are simulated with several known standards that are connected to port 2. For 5PR, the S-parameters of all three detection ports (S 31 , S 41 and S 51 ) are applied to calculate the magnitude and phase-shift. An algorithm similar to [5] is programmed using MATLAB for 5PR. Whereas for FPR, only the data from port 3 and port 4 (S 31 and S 41 ) are used. Since port 5 is properly terminated with 50 Ω, it can be considered matched and ignored in FPR. Hence, the simulation data for 5PR can be used at the same time for FPR. The  in (7) is replaced by a measurement's value of VNA in this work. The  magnitudes of 0, 0.1, 0.5, and 1 are chosen to cover all the typical cases in the reflection coefficient measurements. Different phases-shifts are tested and the data are analyzed by the respective algorithms.
Secondly, the symmetric ring junction of FPR and 5PR is fabricated. The measurement setup is as illustrated in Fig. 3 [5] , which the details can be found in [5] . Measurements are performed using several unknown samples. All three detection ports will be used for 5PR, whereas only port 3 and port 4 are applied for FPR. Since port 5 is connected to a 50 Ω diode detector, it can be considered as matched. Hence, modification of 5PR measurement setup is unnecessary in FPR measurement. The same set of detected voltages for 5PR and FPR will be recorded and analyzed by MATLAB algorithms respectively. They are both tested and compared to HP8720 VNA for verification.
Results and Discussions
The calculated results using MWO simulation are as shown in Fig. 4 and Fig. 5 for magnitude and phase-shift, respectively. The results of 5PR and FPR are in good agreement for calculation of magnitudes and phase-shifts. Since all the results have been obtained by simulation, the errors should actually be practically zero. Non-zero errors are indication of the imperfection of the designed symmetric ring junction and its effect to the computational algorithm.
For further analysis, the error of each calculation is scrutinized. The magnitude errors are shown in Fig. 6 . Overall, the errors for 5PR and FPR are within the satisfac- tory range. The errors of FPR are higher than 5PR when measuring low Γ. This is anticipated in FPR due to the use of less detection ports. The error is also contributed by the FPR computational algorithm. The FPR produces a maximum error of 0.0082 at Γ = 0.5, and 0.0081 for Γ = 0.1. This shows that FPR is able to attain a magnitude error of less than 0.010.
The phase-shift errors are as shown in Fig. 7 . FPR is found to be in good agreement with 5PR especially for Γ = 1 and Γ = 0.5. It shows that lower reflection coefficient causes higher error in phase-shift measurement. The errors of FPR are slightly higher than 5PR. It is similarly due to the use of less detection ports in an imperfect symmetric ring junction and partly due to the computational algorithm. At Γ = 0.1, FPR has a maximum error of 2.39 o whereas 5PR has a maximum error of 0.65 o .
Measurements of several unknown standards are performed using FPR, 5PR and VNA. The results are as listed in Tab. 1. The data indicate a close similarity with theoretical analyses in the first part, which shows that FPR is able to measure both magnitude and phase-shift accurately. From Tab. 2, the maximum error of FPR is 0.0241 and 2.95 o for magnitude and phase-shift, respectively. This proves that FPR is able to provide comparable performance to 5PR measurement. The simpler model only requires two detection ports with three calibration standards.
Conclusions
In this paper, the modification of 5PR to FPR has been realized. The new FPR is not limited to a fixed phaseshift for the phase-shift delay between measurement ports. A simple model and computational algorithm for FPR has been developed. It was proven that FPR can perform as well as 5PR and commercial VNA. With the new model and calculation algorithm, magnitude and phase-shift can be determined easily. The reduction of detection ports and calibration standards make the FPR structurally simpler and cost effective compared to conventional SPR.
